Seed shattering (or pod dehiscence, or fruit shedding) is essential for the propagation of their offspring in wild plants but is a major cause of yield loss in crops. In the dicot model species, Arabidopsis thaliana, pod dehiscence necessitates a development of the abscission zones along the pod valve margins. In monocots, such as cereals, an abscission layer in the pedicle is required for the seed shattering process. In the past decade, great advances have been made in characterizing the genetic contributors that are involved in the complex regulatory network in the establishment of abscission cell identity. We summarize the recent burgeoning progress in the field of genetic regulation of pod dehiscence and fruit shedding, focusing mainly on the model species A. thaliana with its close relatives and the fleshy fruit species tomato, as well as the genetic basis responsible for the parallel loss of seed shattering in domesticated crops. This review shows how these individual genes are co-opted in the developmental process of the tissues that guarantee seed shattering. Research into the genetic mechanism underlying seed shattering provides a premier prerequisite for the future breeding program for harvest in crops.
Introduction
The emergence of fruit represents a major evolutionary innovation in angiosperms, and the evolutionary success of wild plant species depends essentially on their capacity to scatter their offspring (Nathan and Muller-Landau, 2000) . The seed shattering or fruit shedding is usually used to describe the detachment of the fruit from the pedicel in cereals and fleshy fruit species, respectively. While in dry dehiscent fruit taxa, such as Legumes and crucifers, pod dehiscence refers to the shattering of the pod shell, which enable the successful shattering of seeds. Although these processes happen in non-homologous tissues, the abscission layer is an essential tissue both for the shattering or shedding process (Estornell et al., 2013) .
The fruit morphology and associated dispersal strategies are of significant adaptive importance, which are under strong selective pressures. While in seed crops, premature seed shattering is an undesired character and has been selected against during the domestication process of distinct crops. Most of our knowledge on the genetic regulation of pod dehiscence has been obtained in the model organism Arabidopsis thaliana, a Brassicaceae species with a characteristic dry dehiscent fruit that shatters the seeds through the dehiscence zones (DZs) along the silique after maturity (Ferrándiz et al., 1999) . The differentiation of the DZ is under the control of intricate regulatory networks involving multiple transcription factors. Recent investigations in pod dehiscence regulation have uncovered another layer of the regulatory network that include phytohormones in specifying the DZs (Sorefan et al., 2009; Arnaud et al., 2010; Marsch-Martinez et al., 2012) .
Evidence from comparative studies in the taxa related to Arabidopsis suggests modest genetic changes in the key regulatory component could be responsible for the phenotypic changes that are associated with fruit function and novel dispersal strategies (Avino et al., 2012; Fourquin et al., 2013; Mühlhausen et al., 2013) . Studies on the fruit shedding process in tomato, a model for fleshy fruits, have provided new insights into the regulatory networks responsible for the control of cell separation (Mao et al., 2000; Nakano et al., 2012; Liu et al., 2014) . These findings reveal that there are strong similarities between dry and fleshy fruits in the molecular networks governing fruit dehiscence and maturation. Meanwhile, our understanding about the genes involved in the loss of seed shattering in crops has increased dramatically, offering us a great opportunity to examine the details regarding the molecular basis of such convergent morphological adaptation in the face of artificial selection in a wide array of species.
In this review, we try to incorporate the recent insights into the molecular and hormonal regulation of tissues that are necessary for seed shattering and fruit shedding in model species and discuss how the genetic modification of the regulatory genes is co-opted in the evolutionary process to generate altered fruit morphologies with novel dispersal strategies. We also review the recent findings in the genetic control of nonshattering (indehiscent) fruit in crop species and highlight the prevalence of parallel molecular evolution in plant domestication. A comprehensive understanding of the factors influencing the seed shattering process is particularly important, as it might have great potential in the facilitation of future crop domestication and breeding procedures to prevent unwanted seed loss.
Genetics of Pod Dehiscence in Arabidopsis thaliana and its Relatives
The model species A. thaliana belongs to the Brassicaceae family, which develops a typical dry dehiscent fruit called the silique. Essentially, the silique develops from the gynoecium composed of two congenitally fused carpels (Ferrándiz et al., 1999) . The developmental program of the fruit initiates from fertilization of the ovules. In the transverse view of the mature fruit, the out layer consists of three principal tissues, the valves, the replum, and the valve margins. The valve margins are sandwiched between the valve and replum and are further differentiated into lignified layer (LL) and separation layer (SL), which together form the DZ along the silique (Figures 1A-C ; Ferrándiz et al., 1999) . The LL cells are connected with the endocarp b (enb) layer of the valves, which is also rigidly lignified. The SL is composed of several isodiametric cells, and will be degraded autonomously before pod dehiscence (Seymour et al., 2013) . When the silique becomes dry with loss of water, these highly organized structures produce a spring-like tension within the pod valves that force the silique to shatter from the weakest position, the SL (Figures 1C,D) . Therefore, the silique dehiscence is a dynamic process that depends on the proper positioning and formation of the DZs along the silique (Ferrándiz, 2002) .
The Genetics of DZ Development and Pod Dehiscence in Arabidopsis
The spatial specification of DZ, valve cells and replum is under the control of a complex genetic regulatory network and dynamic hormonal interactions with several transcription factors involved (Figure 2 ; Lewis et al., 2006; Østergaard, 2009; Ferrándiz and Fourquin, 2014) . This regulatory network has recently been extended to include genes that are involved in the leaf development and the establishment of dorsoventral axes of the lateral organs (e.g., FILAMENTOUS FLOWER, YABBY3, ASYMMETRIC LEAVES1/2) as well as the meristematic potential maintenance (BREVIPEDICELLUS) (Hay et al., 2006; AlonsoCantabrana et al., 2007) . This review mainly focuses on the core regulatory genes specific to silique dehiscence, thus those remotely related genes are not included in this article. A thorough description of all these interactions can be found elsewhere in the literatures (Dinneny et al., 2005; Lewis et al., 2006; Østergaard, 2009) .
Two MADS-box transcription factor encoding genes SHATTERPROOF1 (SHP1) and SHP2 act redundantly to control the pod dehiscence as neither single mutant displays a detectable phenotype from wild type . The shp1/2 double mutant produces indehiscent fruit devoid of cell differentiation in the DZ . Expressions of SHP1/2 are specifically localized in the DZs and developing seeds during late fruit development Colombo et al., 2009 ). Further genetic analysis shows that SHP1/2 act at the top of the genetic cascade that direct the development of DZ for pod dehiscence (Figure 2 ; see below ; Ferrándiz, 2002; Lewis et al., 2006) .
Acting down-stream of and in parallel with SHP1/2 are two b-HLH transcription factors, INDEHISCENT (IND) and ALCATRAZ (ALC; Figure 2) . IND directs the differentiation of DZ into LLs and SLs. Similar to shp1/2 double mutant, ind mutation fully abolishes the specification of DZs and results in indehiscent fruits (Liljegren et al., , 2004 . By contrast, ALC specifically establishes the cell identity in the separation layer and mutation in ALC leads to partially indehiscent fruits (Rajani and Sundaresan, 2001) . Both IND and ALC are specifically expressed in the DZ during late fruit development. Evidence indicates that IND acts downstream of SHP1/2 to control pod dehiscence, as illustrated by the observation that IND expression is completely lost in the shp1/2 mutant (Liljegren et al., , 2004 Rajani and Sundaresan, 2001) . The valve identity is regulated by the activity of the FRUITFULL (FUL) MADS-box gene (Gu et al., 1998; Ferrándiz et al., 2000) . Expression of FUL initiates in the carpel primordia very early in flower development, and soon after becomes restricted in the gynoecium and further in the carpel valves (Gu et al., 1998) . In the ful mutant, the valves fail to elongate and are cracked by the inner developing seeds (Gu et al., 1998) . FUL negatively regulates SHP1/2 expression thus delimitates the boundary of SHP1/2 expression in the valves (Ferrándiz et al., 2000) . When FUL is mutated, SHP1/2 and IND are ectopically expressed in the valves promoting the mesocarp cells to adopt lignified valve margin cell identity instead of normal parenchymatous cell identity (Gu et al., 1998; Ferrándiz et al., 2000) . The ful mutant phenotype can be partially rescued by combining the ful mutant with mutations in the SHP1/2 genes, and largely rescued in the ind mutant background, suggesting that IND has a more specialized role in DZ cell specification than SHP1/2. On the other hand, fruits of 35S::FUL transgenetic lines are indehiscent as the result of complete conversion of DZ cells into valve cells (Ferrándiz et al., 2000) . Interestingly, the activity of SHP1/2, IND, ALC, and FUL is all necessary for the lignification of cells in the enb layer (Ferrándiz et al., 2000; Liljegren et al., 2004) .
In addition to FUL, the DZ-specific expression of SHP1/2 and IND is also restricted by the REPLUMLESS (RPL), which encodes a homeodomain transcription factor and contributes to the specification of replum identity (Roeder et al., 2003) . Expression of SHP1/2 and IND is expanded into the replums in the rpl mutant genetic background (Figure 2 ; Roeder et al., 2003) . Fruits from the rpl mutant are partially indehiscent due to loss of replum identity with ectopic cell lignification, in which the replumlignified cells are coalesced into a single stripe that is connected with the lignified valve margin cells (Roeder et al., 2003) . The loss of replum identity in rpl mutant can be largely rescued by further removal of SHP1/2 activity, suggesting that the ectopic expression of SHP1/2 is responsible for the rpl mutant phenotype (Roeder et al., 2003) . Thus, both RPL and FUL are necessary for the proper development of a functional DZ by restricting the expression of SHP1/2 in the valve margins. Recently, it was demonstrated that the rpl mutant phenotype can be rescued largely by ap2 mutation (Ripoll et al., 2011) . AP2, well known for its role in floral organ identity determination, encodes a transcription factor belonging to AP2/ERF family. AP2 acts to prevent replum and valve margin overgrowth by negatively regulating replum and valve margin identity gene expression, respectively (Ripoll et al., 2011) .
After the differentiation instruction of specific cell identity is established, the next step should be the final differentiation of distinct cell types. NAC SECONDARY WALL THICKENING PROMOTING FACOTR1 (NST1) and SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN1 (SDN1, also called NST3) are the master transcriptional switches controlling secondary cell wall thickening (Zhong et al., 2010) . In the fruits, NST1 and SND1 are expressed in the valve enb layer, while only NST1 is specifically expressed in the developing LL cells of DZs (Mitsuda and Ohme-Takagi, 2008) . In the nst1 null mutant, the fruits are indehiscent due to the loss of lignification of valve margin cells, and all the lignified cells except the vessel cells in the replums are lost in the nst1 snd1 double mutant (Mitsuda and Ohme-Takagi, 2008) . Expression of SHP1/2 and IND appears to be normal in the nst1 snd1 double mutant, suggesting that NST1 and SND1 act downstream of these transcription factors. Mitsuda and Ohme-Takagi (2008) further show that ectopic cell wall thickening in the valve cells in the ful mutant can be eliminated by mutation of NST1. Taken together, these data suggest SHP1/2 regulate the lignification of valve margin cells by the path of NST1 (Figure 2) .
Intriguingly, NST1 and SND1 are predominantly expressed in the interfascicular fibers and xylems in the stems where SHP1/2 are not expressed and are responsible for the secondary cell wall thickening in these cells (Zhong et al., 2006; Mitsuda et al., 2007) . Furthermore, NST1 and SND1 are also identified as master regulators for xylem fiber differentiation (Zhong et al., 2006; Mitsuda et al., 2007; Oda and Fukuda, 2012) . It is apparent that the developmental program of the stem interfascicular fibers and lignified valve margin cells are distinct. It seems that the valve margin specific expression of NST1 represents an evolutionary innovation in the cis-regulatory elements that correlate with the establishment of lignified valve margin cells. How the NST1 gene is co-opted in the SHP1/2-regulated network that direct the lignified valve margin cell development is an interesting question and worthy to be clarified in the future.
Prior to pod dehiscence, the cells in the separation layer secret enzymes to degrade the cell wall matrix, which bring about a reduction in cell-to-cell adhesion, thus facilitate the fruit to commit to dehiscence (Roberts et al., 2002) . ARABIDOPSIS DEHISCENCE ZONE POLYGALACTURONASE1 (ADPG1) and ADPG2 encode plant specific endo-polygalacturonases (PGs) and are expressed in the separation layer of flower organs and fruit DZs (Ogawa et al., 2009) . ADPG1 and ADPG2 are essential for enzymatic breakdown of cell middle lamella and are necessary for silique dehiscence, as genetic lesion in either genes leads to indehiscent fruits (Ogawa et al., 2009) . IND is required for normal expression of ADPG1 in the silique DZs (Ogawa et al., 2009 ). Thus, it seems that ADPGs are the final regulators of pod dehiscence in the separation layers (Figure 2 ).
Hormonal Regulation of DZ Specification
Hormonal homeostasis and interactions are recently found as immediate downstream outputs from the core genetic network. Expression of IND is responsible for the formation of local auxin minimum in the valve margin by coordinating auxin efflux in the separation layer cells (Sorefan et al., 2009 ). Further analysis shows that another b-HLH transcription factor SPATULA (SPT), which is required for the carpel fusion early in female reproductive organ development, can interact with IND physically (Girin et al., 2011) . The interaction of IND and SPT promotes the localization of PIN3 in the plasma membrane of valve margin cells to create the auxin depletion in the valve margin thus offering a proper hormonal environment for specific cell differentiation (Sorefan et al., 2009; Girin et al., 2011) . Auxins and cytokinins often play an antagonistic role in plant development (Bishopp et al., 2011) . Consistent with this scenario, the cytokinin signaling pathway is recently found to be active in the valve margin, and such a signaling pathway is disrupted in shp1/2 and ind mutant. However, local application of cytokinin in developing fruits can restore valve margin formation and further increases dehiscence in shp1/2 and ind mutants, suggesting that cytokinins play a crucial role in valve margin differentiation (Marsch-Martinez et al., 2012) . In addition to auxins and cytokinins, gibberellins (GAs) have also recently been implicated as having roles in the establishment of separation layer cell identity (Arnaud et al., 2010) . According to the "relief of restraint" model, GA-mediated degradation of DELLA protein is central to GA signaling and also required to activate downstream genes (Harberd, 2003; Sun and Gubler, 2004) . GA3ox1, which catalyzes the final step in the synthesis of bioactive GAs, is demonstrated as the direct target of IND. ALC physically interacts with DELLA repressors, and the local production of GAs destabilize the DELLA protein and relieve the ALC to exert its function in SL cell specification (Arnaud et al., 2010) . Taken together, these findings indicate involvement of several phytohormones in the specification of DZs and suggest that a precise balance between their biosynthesis and response is of fundamental importance. Notwithstanding with the investigations where the role of hormones in DZ development has been extensively explored, very few reports on how these hormonal signals are coordinated in the DZ are available. Therefore, one of the main challenges for future work remains to decipher the complete picture of the molecular mechanisms and interactions of plant hormones underlying DZ differentiation in dry fruits.
Evolutionary Origin of Novel Fruit Characters by Modification of DZ Specification Genes
The family Brassicaceae contains over 300 genera, including a number of important vegetables and crops, such as broccoli and cauliflower (Brassica oleracea), oilseed rape (Brassica napus), and common radish (Raphanus sativus). As noted above, the basic fruit type in Brassicaceae is dry dehiscent silique, while there still exist bountiful morphological fruit variations within this family.
Heteroarthrocarpic fruit is a two-segmented fruit with an indehiscent distal part containing rudimentary ovules and a dehiscent proximal part consisting of normal ovules that develop into seeds. Phylogenetic reconstruction combined with morphological analysis shows that heteroarthrocarpic fruit has evolved multiple times within the tribe Brassiceae with nearly half of genera being heteroarthrocarpic (Hall et al., 2011) . Erucaria erucarioides and Cakile lanceolata produce heteroarthrocarpic fruit with different dehiscent patterns. Avino et al. (2012) isolated the homologs of SHP1/2, IND, ALC, FUL, and RPL from both species and conducted comparative expression examinations. They found that the expression patterns of these genes in the fruit dehiscent segments are largely conserved between these species and in Arabidopsis, especially the genes that are involved in the establishment of valve margin identities (Avino et al., 2012) . On the other hand, the fruit indehiscent segment is correlated with loss of gene expression of the entire valve margin genetic pathway. These expression data support the hypothesis that heteroarthrocarpy is evolved from dehiscent fruit via repositioning the valve margins (Avino et al., 2012) .
Loss of fruit dehiscence has independently evolved in several genera across Brassicaceae (Appel and Al-Shehbaz, 2003) . In the genus Lepidium, two phylogenetically related species, L. campestre and L. appellianum, bear dehiscent and indehiscent siliques, respectively (Mummenhoff et al., 2009 ). Mühlhausen et al. (2013) conducted a comparative analysis of the expression patterns of SHP1/2, IND, ALC, FUL, and RPL orthologs in these two species. They found that the expression patterns of these orthologous genes are highly conserved between L. campestre (dehiscent fruit) and A. thaliana (Mühlhausen et al., 2013) . Transgenic plants of L. campestr with down-regulation of SHP1/2, IND, ALC, FUL, and RPL are found to be defective in fruit dehiscence; further anatomical examinations reveal that the fruit structure of these transgenic plants are similar to that of respective Arabidopsis mutant (Lenser and Theißen, 2013a) . By contrast, the expression of these respective orthologs is completely abolished in the corresponding tissues of indehiscent L. appellianum fruit (Mühlhausen et al., 2013) . These studies support the notion that the dehiscent network is basically conserved in Brassicaceae and further suggest that genetic changes in the upstream components of SHP-regulated pathway are responsible for the evolutionary origin of novel fruit characters (Mühlhausen et al., 2013 . Sequence alignment of the promoters of IND-like genes of A. thaliana and B. rapa reveals a 400-bp conserved sequence, which direct valve margin-specific expression of IND in A. thaliana. Further analysis shows that the specific activity of the 400-bp promoter sequence depends on the SHP1/2 and FUL ). An independent study in Brassica species reveals that loss of RPL gene expression is responsible for the evolutionary origin of the typical narrow replum in this genus. It is found that a point mutation in the promoter region significantly reduces RPL expression in the fruits and is associated with the narrow replum character (Arnaud et al., 2011) . More recently, an independent research found that the genomic regions that encompass the key regulators of DZ specifying genes are associated with the natural variations in the pod dehiscence character in Brassica napus (Raman et al., 2014) .
In Medicago, a genus of the legume family with a close phylogenetic relationship with Brassicaceae, some species develop coiled pods representing a novel strategy of collective seed dispersal. It is observed that the coiled pod morphology is tightly correlative with increased valve margin lignification, which is associated with a change in the protein sequence of SHP orthologs (Fourquin et al., 2013) . Further analysis shows that the protein sequence modification alters the properties of the protein by affecting the affinity for other protein partners involved in a high-order complex (Fourquin et al., 2013) . It is possible that SHP-directed secondary cell wall thickening is an evolutionary conserved module in Rosids (Ferrándiz and Fourquin, 2014) . Nonetheless, it remains to determine the exact cellular and genetic basis that contributes to this indehiscent fruit morphology.
On the whole, the evidence outlined above points to a conserved genetic network controlling the pod dehiscence process and modifications of gene expression and protein properties in the core genetic components are associated with the origin of novel fruit characters.
Regulation of Fruit Ripening and Shedding of Fleshy Fruits in Tomato Genetics of Fruit Ripening in Tomato
Like pod dehiscence in dry fruit species, the emergence of fleshy fruit represents another evolutionary innovation in which they attract animals for seed dispersal (Dilcher, 2000) . Fleshy fruit can be divided into two classes, non-climacteric (e.g., strawberry and grape) and climacteric fruits (e.g., tomato and apple). In the fleshy model plant tomato (Solanum lycopersicum), the initiation of fruit ripening process is signified by a concomitant increase in respiration and biosynthesis of ethylene (Giovannoni, 2004; Seymour et al., 2008) . In recent years, great advances have been made in dissecting the transcriptional regulation of ripening by the identification of genes with mutations that abolish the normal ripening process. Evidence shows that fruit ripening is a wellorchestrated process with the initiation of multiple genetic and biochemical pathways, which finally brings about the remarkable changes to the metabolic and physiological traits in a ripening fruit. The genetic regulation of the fruit ripening process has recently been thoroughly reviewed by several authors (Seymour et al., 2013; Ferrándiz and Fourquin, 2014) . Here we only briefly introduce the genetic mechanisms underlying the fruit ripening process.
The SEPALLATA4 clade of MADS-box gene RIPENING INHIBITOR (RIN) gene is demonstrated to act as the master switch of the fruit ripening process by directly activating the expression of ACC Synthase 2 (ACS2), which is involved in the switch to system-2 ethylene production (Vrebalov et al., 2002; Martel et al., 2011) . The spontaneous epigenetic modification of the promoter sequence of the SQUAMOSA Promoter Binding (SPB) protein encoded by the COLORLESS NON-RIPENING (CNR) gene decreases the expression level of CNR in the developing fruits, which effectively blocks the ripening process and results in fruits that fail to produce elevated ethylene at the onset of fruit ripening and an insensitivity to ethylene applications (Manning et al., 2006) . Similar to the rin mutant, genetic lesions in the NAC transcription factor NON-RIPENING (NOR) gene lead to a non-ripening phenotype with a green fruit (Tigchelaar et al., 1973) .
TOMATO AGAMOUS LIKE1 (TAGL1), which encodes the orthologous gene of AtSHP1/2, is a positive regulator of fruit ripening (Itkin et al., 2009; Vrebalov et al., 2009 ). TAGL1 interacts with RIN to regulate the ethylene production by directly activating ACS2 expression (Leseberg et al., 2008; Vrebalov et al., 2009 ). Overexpression of TAGL1 in Arabidopsis results in an array of phenotypes that are similar to SHP1/2 over-expressors, which points to a basically conserved role of SHP-like genes in organ identity determination (Pinyopich et al., 2003) . However, the expression of TAGL1 in shp1/2 mutant genetic background only partially rescues the indehiscent fruit phenotype, indicating that TAGL1 has evolved a novel function in fruit development compared with the Arabidopsis counterparts. Other positive regulators of fruit ripening include two closely related FUL-like homologs FUL1 (also known as TDR4) and FUL2 (also known as MBP7), which interact with RIN protein to regulate fruit ripening by coordinating the expression of genes involved in cell wall modification, cuticle production, volatile production, and glutamate accumulation (Bemer et al., 2012; Shima et al., 2013) . Interestingly, the expression of TAGL1 is found to be upregulated in the pericarp of FUL1/2 RNAi fruits, indicating a negative feedback loop from FUL1/2 to TAGL1 (Bemer et al., 2012) . The negative regulation of FUL to SHP is also evident in the valve of Arabidopsis (Ferrándiz et al., 2000) . These data point to a conservation of the regulatory network in the FUL and SHP between Arabidopsis and tomato. On the other hand, the homologs of the AP2-ERF protein SlAP2a are demonstrated to act as negative regulators of ripening by inhibiting ethylene biosynthesis and signaling pathways (Chung et al., 2010; Karlova et al., 2011) . SlAP2a seems likely to act downstream of CNR as CNR protein can bind to the promoter of SlAP2a in vitro (Karlova et al., 2011) .
As outlined above, it appears that genes (including AP2, SHP, and FUL) in fruit development are functionally conserved between Arabidopsis and tomato. In the case of the SHP-FUL module, it is plausible to assume that the genetic interaction between SHP and FUL in fruit development might have been established before the split of rosids and asterids. In the fleshy tomato, SHP and FUL are further co-opted in the RIN-regulated ethylene pathway to regulate fruit ripening subsequent upon sub-functionalization and neo-functionalization after lineagespecific gene duplication. The broad conservation of the SHP-FUL functional module in dry and fleshy fruits further suggest that fruit dehiscence and ripening may share a common origin and are parallel evolutionary innovations by recruiting a deeply conserved regulatory network (Ferrándiz and Fourquin, 2014) .
Genetic Control of Fruit Shedding in Tomato
In tomato (Lycopersicon esculentum), fruit shedding requires the proper development of the abscission zone (AZ) in the knuckle region of the pedicle (see reviews in Roberts et al., 2002; Estornell et al., 2013) . The AZ is composed of several layers of smaller and densely cytoplasmic cells (Figure 3, lower  panel) . Cells in the AZ appear to be predetermined very early in development and are arrested in the following differentiation process (Roberts et al., 2002; Nocker, 2009) . Several genes are found to be associated with the initial establishment and further differentiation of the AZ (Figure 3 ; also see reviews in Roberts et al., 2002) . JOINTLESS (J), which encodes a SVP/AGL24 clade MADS-box gene, is required for the proper AZ development, as j mutant fails to develop the AZ in the pedicle and fruit shedding does not occur normally (Mao et al., 2000) . MACROCALYX (MC) encodes another MADS-box protein that falls into the AP1/FUL clade. Similar to the j mutant, the AZ is completely lost in the pedicle of MC RNAi plants (Nakano et al., 2012) . Further analysis shows that the MC protein interacts physically with J to form a heterodimer with DNA-binding activity. It seems that J and MC regulate a common set of target genes, including transcription factors regulating meristem maintenance. These data further suggest the AZ cells possess meristematic potential (Roberts et al., 2002; Nakano et al., 2012) . The J-MC protein complex has recently been extended to incorporate the SEP-like MADS-box protein SLMBP21. The SLMBP21 protein interacts with J and MC to form a higher-order protein complex to confer transactivation activity . Knockdown of SLMBP21 completely abolishes AZ development, while overexpression of SLMBP21 results in ectopic AZ-like cells at the proximal region of the pedicle . Because J, MC, and SLMBP21 regulate a common set of target genes, it is possible that the obligate J-MC-SLMBP21 complex works synergistically to direct the expression of AZ development genes. In line with this notion, the expression of LATERAL SUPPRESSOR (LS), which encodes a VHID protein of the GARS transcription factor family, is found to be down-regulated in j, mc, and SLMBP21 RNAi pedicles (Nakano et al., 2012; Liu et al., 2014) . The LS was initially identified as a positive regulator of axillary meristem maintenance and the ls mutant also brings about impaired AZ development (Schumacher et al., 1999) . It will be interesting to address how LS is co-opted in AZ cell meristematic potential maintenance under the control of J-MC-SLMBP21 complexdirected pathway.
Convergent Evolution of the Non-Shattering Character in Domesticated Crops
From the evolutionary perspective, natural selection enables the wild plant species to possess elaborate mechanisms to disperse their seeds and fruits. While from the agronomic perspective, the natural seed dispersal is an undesired trait in crops as it leads to severe seed loss in harvest. As a result, natural seed dispersal is severely selected against by ancient humans to assure efficient cultivation during the domestication process (Harlan, 1992; Purugganan and Fuller, 2009; Lenser and Theißen, 2013b) . The non-shattering or indehiscent character has been regarded as the milestone of domestication in the seed crops (such as cereals and legumes) as it renders the domesticated species more dependent on human activity for propagation and further facilitates the fixation of other domestication characters (Doebley et al., 2006; Purugganan and Fuller, 2009 ). In the seed crops, the reduction of seed shattering capability is evolved independently and is a convergent morphological adaptation to artificial selection (Doebley et al., 2006; Purugganan and Fuller, 2009; Lenser and Theißen, 2013b; Olsen and Wendel, 2013) . In Section "Parallel Evolution of the Non-Shattering Trait in Cereal Crops, " we will review the cellular and genetic mechanisms underlying the morphological transition from shattering to nonshattering in domesticated crops (Figure 3, lower panel) .
Parallel Evolution of the Non-Shattering Trait in Cereal Crops
In cereal crops (such as rice and sorghum), the fruit dehiscence or seed shattering is implemented by an abscission layer in the joint between lemma and pedicel (Figure 3, lower panel) . In rice (Oryza sativa), several transcription factor coding genes have been found to be associated with the reduction of seed shattering (Figure 3) . Shattering4 (Sh4) encodes a transcription factor with homology to Myb3 and is necessary for the development of a functional abscission layer in the pedicel (Li et al., 2006) . A single amino acid change in the putative DNA biding domain is closely associated with the reduction in seed shattering in domesticated rice. In addition, the expression of the domesticated allele is also remarkably decreased compared with the wild allele (Li et al., 2006) . Thus, it appears that the combination of coding and regulatory change of Sh4 impairs the developmental program of the abscission layer, thus weakens the shattering phenotype (Li et al., 2006) . qSH1 is a major QTL on chromosome 1 controlling seed shattering in rice. The underlying gene, qSH1, encodes a BEL1-type homeobox transcription factor that is highly homologous to AtRPL (Konishi et al., 2006) . qSH1 is required for formation of the abscission layer in the pedicel. A single nucleotide polymorphism (SNP) in the 5 ′ -regulatory region completely eliminates qSH1 expression in the provisional abscission layer early in the development process and results in non-shattering trait in domesticated rice (Konishi et al., 2006) . Notably, the regulatory SNP in the promoter sequence of RPL homologs is also responsible for the difference in seed dispersal structures produced by natural selection in Brassica species with reduced replum development (Arnaud et al., 2011) . These examples demonstrate a remarkable convergent mechanism in which the same regulatory SNP can explain the developmental variations in seed dispersal structures relevant to both domestication and natural selection in a distantly related species (Arnaud et al., 2011; Gasser and Simon, 2011) .
SH5 is another BEL1-type homeobox gene with high homology to qSH1. SH5 is highly expressed in the abscission layer (Yoon et al., 2014) . Silencing of SH5 suppresses the development of the abscission layer and inhibits seed shattering. Overexpression of SH5 gives rise to an increase in seed shattering, a consequence of decreased lignin levels in the pedicel (Yoon et al., 2014) . The expression of Sh4 is found to be significantly up-regulated in the SH5-overexpressor, suggesting SH5 positively regulates Sh4 to direct abscission layer development (Yoon et al., 2014) . Recently, the regulatory pathway of the abscission layer development was extended to include an AP2-transcription factor coding gene, SHATTERING ABORTION1 (SHAT1, Zhou et al., 2012) . SHAT1 is required for seed shattering through specifying the abscission layer. The expression of SHAT1 in the abscission layer is positively regulated by Sh4. qSH1 expression is completely lost in the abscission layer in either shat1 and sh4 mutant background, suggesting qSH1 functions downstream of SHAT1 and Sh4 in the establishment of the abscission layer (Zhou et al., 2012) . Interestingly, qSH1 is also required for the expression of SHAT1 and Sh4 in the abscission layer. Therefore, qSH1 is probably involved in a positive feedback loop of SHAT1 and Sh4 by maintaining the expression of SHAT1 and Sh4 in the abscission layer (Zhou et al., 2012) . Although SH5 and SHAT1 play roles in the differentiation of abscission layer, it remains to be determined whether these two genes are domestication genes targeted by artificial selection.
Similar to rice, the reducing of seed shattering in domesticated sorghum (Sorghum bicolor) results from the loss of abscission layer in the joint connecting the seed hull and pedicel. Seed shattering in sorghum is controlled by a single gene, Shattering1 (Sh1), which encodes a YABBY transcription factor. The non-shattering character can be accounted for by one of three distinct loss-offunction mutations that are independently selected upon during the sorghum domestication process (Lin et al., 2012) . Notably, the Sh1 orthologs in rice and maize (Zea mays) harbor mutations that are possibly associated with the shattering reduction in respective crops (Paterson et al., 1995; Lin et al., 2012) . Whether Sh1 is rewired into the SH5-directed seed shattering network in rice remain to be explored in the future (Figure 3, lower  panel) . In Sorghum propinquum, a wild sorghum relative, seed shattering is conferred by the SpWRKY gene. It is postulated that SpWRKY negatively regulates cell wall biosynthesis genes in the abscission layer. Nonetheless, the SpWRKY has not been crafted by artificial selection to make a contribution to the nonshattering trait in domesticated sorghum (Tang et al., 2013) . Taken together, these above findings have raised an intriguing possibility that the convergent domestication of non-shattering crops might have achieved through parallel selection on the same underlying genetic targets (Figure 3 , lower panel; Lin et al., 2012; Lenser and Theißen, 2013b) .
The Q gene in domesticated wheat (Triticum aestivum) is an important domestication gene as it confers the freethreshing character (the loss of tendency of the spike shattering; Simons et al., 2006) . Q gene encodes a member of AP2-family transcription factor. The cultivated Q allele is transcribed more abundantly than the wild q allele. Furthermore, the two alleles also differ in a single amino acid that significantly enhances the homodimerization capacity of the domestication allele (Simons et al., 2006) . Thus, similar to the case of Sh4, the evolution of the free-threshing trait in domesticated wheat may have attributed to the combination of both coding and regulatory changes in the domestication gene. The expression difference between Q and q seems more important as it can largely explain the free-threshing trait in the domesticated wheat (Simons et al., 2006; Zhang et al., 2011) . Although the mutation that gives rise to Q had a profound effect in the domestication process of wheat as it enables the farmers to harvest the grain more efficiently, the exact cellular basis leading to the free-threshing trait is still unknown.
The Domestication of Indehiscent Fruit in Legume Crops
In addition to cereals, loss of pod dehiscence also occurs in dicot crops, such as legumes. Species in the Legume family develop a characteristic dry dehiscent fruit (a legume or more generally a pod), which is derived from a monocarpellate pistil. The legume species disperse seeds by shattering the pod along the ventral suture after maturation (Tiwari and Bhatia, 1995) . In cultivated soybean (Glycine max), the indehiscent pod is a major domestication trait that is targeted by artificial selection (Hymowitz, 1970; Harlan, 1992) . The cellular basis and molecular mechanisms leading to the indehiscent pod have very recently been characterized. It is shown that the excessive lignification of the fiber cap cells (FCCs) in the ventral suture is responsible for the indehiscent fruit character (Figure 3 , upper panel; Dong et al., 2014) . Unexpectedly, the abscission layer is found to be functionally unchanged in the cultivated soybeans (Dong et al., 2014) . SHATTERING1-5 (SHAT1-5), which is homologous to AtNST1/2 that acts as master transcriptional activator of secondary cell wall biosynthesis, resides in a QTL controlling pod dehiscence. Expression of SHAT1-5 is specifically localized in the developing FCCs. The lack of any fixed amino acid difference between the cultivated allele and wild allele, and that both alleles are capable of fully restoring the secondary cell wall thickening in the interfascicular fibers of nst1-1;nst3-1 double mutant suggest that the differential expression of SHAT1-5 in the FCC upon regulatory changes might be important for the indehiscent fruit. Using Laser Capture Microdissection system, Dong et al. (2014) reveal that a significant up-regulation of SHAT1-5 in FCC of cultivated soybean is responsible for the excessive cell wall deposition in the FCC, which in turn prevents the pod from committing dehiscence after maturation (Figure 3, upper panel) . Further analysis show that the over transcription of SHAT1-5 in cultivated soybean FCC is attributable to the disruption of a repressive cis-regulatory element in the 5 ′ -promoter region (Dong et al., 2014) . Expression of SHAT1-5 is related to the organs with severe secondary cell wall thickening, which is a common process during plant development (Dong et al., 2013) . It seems that artificial selection would have discarded the null mutant in this gene due to pleiotropic effect, leaving a change in the specific regulatory element as a preferred mechanism for producing the desired phenotype.
qPDH1 (QTL for Pod Dehiscence 1) is another major QTL controlling pod dehiscence in soybean that have very recently been cloned and shown to encode a dirigent-like protein with a possible function in lignin biosynthesis (Suzuki et al., 2010; Funatsuki et al., 2014) . Expression of PDH1 is correlated with the lignin deposition in the inner sclerenchyma of the pod walls (Figure 3, upper panel) . PDH1 promotes pod dehiscence by increasing the twisting force in the pod wall, which serves as a driving force for pod dehiscence (Funatsuki et al., 2014) . In cultivated soybean, the indehiscent fruit is attributable to a premature stop codon in PDH1, which generates a nonfunctional protein (Funatsuki et al., 2014) . Although the exact cellular and biochemical mechanisms leading to indehiscent pod by PDH1 remain to be elucidated, it is apparent that artificial selection might have targeted multiple cellular mechanisms and the controlling genes, including SHAT1-5 and PDH1, to minimize seed loss during soybean domestication. Meanwhile, these findings also raise an intriguing question as to how SHAT1-5 and PDH1 interact genetically to fine-tune the indehiscence degree of cultivated soybean that are adapted in different environments. Future analysis of allele frequency combined with careful phenotypic evaluation in a large collection of cultivated soybean germplasms would help to address this question.
The domesticated common bean (Phaseolus valgaris) originated in the Mesoamerican and Andean regions independently (Schmutz et al., 2014) . Similar to other legume crops, the reduction of pod dehiscence represents a key domestication syndrome in the domesticated common bean. The indehiscent fruit results from the loss of fibers in the sutures ("stringless"), which is under the control of a major QTL, St locus (Koinange et al., 1996) . PvIND1, a homolog of AtIND in common bean, was recently mapped in a region near the St locus. It appears that PvIND may not be directly involved in the control of pod dehiscence and may not be the causal gene underlying St, as polymorphism in the PvIND gene fails to link with the genotype on St locus and co-segregate with the dehiscent/indehiscent phenotype (Gioia et al., 2013) . While PvIND is postulated as the AtIND homolog based on sequence homology in the conserved b-HLH domain, the IND-related transcription factors are specific to Brassicaceae and its role in valve margin cell lignification may have been acquired since the duplication event happened recently in the HECATE3 (HEC3) gene clade in Brassicaceae (Liljegren et al., 2004; Girin et al., 2010) . Therefore, it is possible that polymorphisms in other AtIND homologs in the common bean genome may have been associated with pod indehiscence. Alternatively, considering that the fibers are mainly composed of sclerenchyma cells with well-developed secondary cell walls, it is also likely that genes involved in the regulation of secondary cell wall deposition or fiber cell differentiation may have contributed to the St locus in controlling pod dehiscence. Future work is necessary to discriminate these possibilities.
Conclusions and Future Perspectives
In the past 15 years, our understanding of the genetic control and evolution of the seed shattering/pod dehiscence processes has been advanced significantly by the implement of a combination of multiple experimental approaches. In Arabidopsis, the homostasis and interaction of hormones is revealed to work in another regulation layer in establishing the DZs. The core regulatory module (SHP-FUL) controlling DZ development is found to be largely conserved in dry fruit species that are closely relative to Arabidopsis while modification of the key regulatory genes frequently contributes to the evolution of specialized fruit morphology with novel dispersal strategies. Studies in the genetic control of the fleshy fruit maturation process further extend the conservation of SHP-FUL module into angiosperms and suggest that fruit dehiscence and ripening are in parallel evolved characters by co-opting the same underlying regulatory networks. Although we can now begin to understand the molecular and biochemical basis of fruit dehiscence and ripening in model species, a challenge remains to obtain greater molecular data from other non-model species, to unveil the evolutionary mechanisms of fruit diversification widespread in nature.
In the domesticated crops, it is apparent that the convergent evolution of non-shattering (indehiscent) fruit is often employed by the same gene or strikingly, the same mutation, while non-homologous genes are also frequently evident in different crops. In the future, with the growing interest in the molecular mechanisms of domesticated syndromes that arise as the result of evolutionary implications and their agriculture importance, an equally important and complementary issue will be the advances in the application of high throughput sequencing technology (next-generation sequencing, NGS) combined with genotypephenotype associations (genome-wide association analysis, GWAS) to zoom in on the exact mutations leading to the nonshattering character in additional crops. Overall, the list of genes that participate in the seed shattering process has experienced an unprecedented explosion in the past few years (Table 1) , we can now begin to think about how to translate this basic knowledge into practice in crop breeding programs to feed the world in the face of growing population pressures. Exemplary work has been done in Brassica juncea by over-expression AtFUL to make pods resistant to shattering (Østergaard et al., 2006) .
